To understand the bone resorption and lysosomal proteinases in osteodasts, we examined by immunohistochemistry the localization of lysosomal cysteine and aspartic proteinases, acid phosphatase, and cystatin-0 in the rat tibial bone. Immunoreactivity for cathepsins B, C, H, and L, cathepsin D, acid phosphatase, and cystatin-p was demonstrated in various ells of the bone tissue; in patti&, large multinucleated osteoclasts attached to the bone surface and chondrodasts in the proximal growth plate. These cells showed intense immunoreactivity for these lysosomal enzymes and cystatin-0. Bone surface-lining osteoblasts displayed distinct immunoreactivity for cathepsins B, C, D, H, and acid phosphatase, while osteocytes often exhibited that for cathepsins D, H and acid phosphatase. Chondrocytes in the growth plate demonstrated intense immunoreactivity for cathepsins B, D, and acid phosphatase. Immunoreactivity for cystatin-p was detected in osteoclasts and chondroclasts only. Large, round multinucleated cells free from the bone surface exhibited weak, faint, or no immunoreactivity for the lysosomal enzymes and cystatin-0. These results suggest that lysosomal cysteine and aspartic proteinases may play a role in the degradation of organic constituents of the bone matrix. Moreover, cystatin-0 can serve as an excellent marker protein for OSteodasts. (J Histochem Cytochem 41:1075-1083, 1993) Animals. Fifteen adult male Wistar rats (8 weeks old, about 250 g) were used for light microscopic immunohistochemistry and immunoblotting.
Introduction
Osteoclasts are multinucleated giant cells responsible for the resorption of the calcified extracellular bone matrix (Vaes, 1987; Chamben, 1985) . Actively resorbing osteoclasts are highly polarized, showing three distinct cell membrane areas (Vaes, 1987) : the basolateral membrane, clear zone, and ruffled border. There certainly exists a proton pump of the vacuolar H+-ATPase type in the ruffled border membrane facing the resorption lacunae (Viibhen et al., 1990) . Under acidic conditions in the resorption lacunae, the mineral and the organic matrices of mineralized bone are resorbed by various secretions from osteoclasts through the ruffled border membrane. However, little is known about the precise mechanism for the degradation of bone collagen and other organic components.
It has been suggested that various lysosomal enzymes of osteoclasts are secreted in the resorption lacunae, presumably via a constitutive pathway correlated with the mannose-6-phosphate receptor (Baron et al., 1988) . The degradation of bone collagen has been suggested to be mediated by acidic proteinases (Blair et al., 1986) . Cathepsins B and L, known as lysosomal cysteine proteinases, have been biochemically identified in homogenates of bone (DelaissE et al., 1991) . Cathepsin L has been believed to be one of the most potent enzymes, which has collagenolytic activity in the acidic mileu (Kirschke et al., 1982) , while cathepsin B is able to depolymerize collagen (DelaissE et al., 1991) . Until recently, however, no immunohistochemical localization of these proteinases has been shown in bone tissue, except for cathepsin D in osteoclasts (Goto et al., 1992) and cathepsin C in the resorption lacunae (Baron et al., 1988) . Therefore, to further understand the mechanism that mediates bone resorption by osteoclasts, it is essential to examine the presence of lysosomal cysteine proteinases in the cells.
The present study examined the localization of lysosomal cysteine proteinases, cathepsins B, C, H, and L, cathepsin D, and acid phosphatase in bone tissue by immunohistochemistry. Moreover, we investigated the presence of cystatin-0, an endogenous inhibitor of cysteine proteinases. Antisera. Rabbit antibodies to rat cathepsins B. C, H, L. and cystatin-e were purified by affinity chromatography as previously reported (Uchiyama et al., 1989; Watanabe et al., 1988; Bando et al.. 1986; Kominami et al.. 1984 Kominami et al.. ,1985 Kominami et al.. ,1992 . These antibodies were immunologically different from each other and showed no crossreactivity (Uchiyama et al.. 1989; Kominami et al., 1985) . To prepare rabbit anti-cathepsin D, the enzyme was purified from rat liver according to the method described by Yamamotoet al. (1980) . Antiserum against purified liver cathepsin D of rats was prepared from female rabbits, and the antibody was purified by affhity chromatography. Anti-cathepsin D was tested for reactivity with cathepsin D by immunoblotting with rat liver tissues as described below. A goat antibody against rat liver lysosomal acid phosphatase, kindly supplied by Dr. Keitaro Kat0 (Faculty of Pharmaceutical Sciences. Kyushu University), was purified by affinity chromatography as reported previously (Himeno et al., 1988) .
Immunohistochemistry. Animals anesthetized with sodium pentobarbital (25 mg/kg) were perfused with 50 ml physiological saline and then with 250 ml of 4% paraformaldehyde buffered with 0.1 M cacodylate-HCI buffer (pH 7.2) containing 4% sucrose. The tibias were quickly excised, cut into two pieces, and further fixed with the same fixative at 4'C for 12 hr. After washing thoroughly with the same buffer containing 7.5% sucrose, the bone tissue was decalcified with 4% sucrose containing 5% EDTA for 10 days. After embedding in OCT compound (Tissue-Tek; Miles. Elkhart. IN) at -8O'C. the tissue sections were cut at 10 pm with a cryostat (Mod, 2700-Frigocut; Rcichcrt-Jung) and mounted on gelatin-coated glass slides.
Cryosections were immunostained according to the previously described method (Uchiyama et al., 1989) . Briefly. they were incubated with the following first antibodies for 1 day at 4'C: anti-cathepsins B (11 pglml), C (20 pglml). H (9 pglml), and L (12 pglml). cathepsin D (23 pg/ml), acid phosphatase (1 pg/ml) and anti-cystatin-0 ( 5 pg/ml). Further incubations were performed with biotinylated goat anti-rabbit IgG (histofine SAB-PO kit; Nichirei, Tokyo, Japan) and peroxidase-conjugated streptoavidin (Nichirei) at room temperature for 20 min. For acid phosphatase. biotinylated rabbit anti-goat IgG (histofine SAB-PO kit, Nichirci) was used as a secondary antibody. Staining for peroxidase was performed with 0.0125% diaminobenzidine (DAB) and 0.002% H202 in 0.05 M Tris-HCI buffer (pH 7.6) for 10 min. Immunostained sections were viewed with a Nomarski differential interference contrast microscope (Olympus; Tokyo, Japan). To identify the cells immunostained in the bone tissue, some immunostained sections were counterstained with hematoxylin. and cystatin-0, respectively, and with a non-immune rabbit or goat serum diluted to 1:lOO. followed by an incubation with biotinylated goat or rabbit anti-rabbit IgG and peroxidase-conjugated streptavidin. Some sections were directly incubated with the second antibody without any preceding incubation with the primary antibodies.
Immunoblotring. To test anti-cathepsin D for reactivity with liver cathepsin D. the rat liver extract was prepared and examined by immunoblotting according to the prcviously described method (Uchiyama et al.. 1989) . Bridly, the extract was analyzed by 10 or 12.5% SDS-PAGE under reducing conditions. The proteins were electrophoretically transferred from the polyacrylamide gel to hydrophobic Durapore sheets (Millipore; Tokyo, Japan). The sheets were then incubated with anti-cathepsin D. followed by the same developing procedure as for immunohistochemistry mentioned above. Incubation with non-immune rabbit Serum (1:2OO)was performed as a control. cathepsin D appeared at molecular weights of 43 KD and 31 KD in liver extracts, which correspond to single and heavy chain forms of cathepsin D (Ericson et al., 1981) ; this indicates that the antibody raised against rat liver lysosomal cathepsin D recognizes rat liver cathepsin D.
Results

Immunoblotting
Immunohistochemistry
All antibodies applied showed immunoreactivity in various cells of the bone tissue. Positive immunoreactivity for cysteine proteinases, cathepsin D. acid phosphatase, and cystatin-b was examined in osteoblasts lining the bone surface, in osteocytes of the bone matrix, in large multinucleated cells adherent to the bone surface (identified as osteoclasts), in chondrocytes and multinucleated chondroclasts of the proximal growth plate, and in bone marrow cells. The corresponding findings are synoptically presented in Table 1. Cathepsin B. Immunoreactivity for cathepsin B was intensely localized in chondrocytes. chondroclasts. osteoclasts, and osteoblasts, whereas osteocytes of the bone matrix showed weak, faint, or no immunoreactivity ( Figure 2 ). Cathepsin C. Immunoreactivity for cathepsin C was intensely localized in chondroclasts and osteoclasts (Figure 3 ). Osteoblasts and osteocytes often contained granular immunodeposits for the enzyme, whereas no immunodeposits were detected in chondrocytes.
Cathepsin H. Immunoreactivity for cathepsin H was localized in the bone tissue, similar to that for cathepsin C (Figure 4) . The immunoreactivity for cathepsin H, however, was slightly more intensely demonstrated in osteoblasts and osteocytes than that for cathepsin C. Cathepsin L. Immunoreactivity for cathepsin L was intensely detected in chondroclasts and osteoclasts (Figure 5 ) . On the contrary, weak, faint, or no immunoreactivity for cathepsin L was detected in osteoblasts, osteocytes, and chondrocytes.
Cathepsin D. Immunoreactivity for cathepsin D was intensely detected in chondrocytes, chondroclasts, and osteoclasts ( Figure 6 ). Osteoblasts and osteocytes often showed intense immunoreactivity for the enzyme.
Acid Phosphatase. Immunoreactivity for acid phosphatase exhibited a similar distribution as that for cathepsin D in the bone tissue. It was distinctly demonstrated in chondrocytes, chondroclasts, osteoclasts, osteoblasts, and osteocytes (Figure 7) . ( Figure 8 ). whereas no other cells in the tissue exhibited any immunoreactivity.
Cystatin-b. Immunoreactivity for cystatin-b was intensely demonstrated in multinucleated chondroclasts and osteoclasts only
The immunoreactivity for lysosomal cysteine and aspartic proteinases and acid phosphatase examined was intensely detected in various bone marrow cells. The immunoreactivity for cathepsin L was weak in the bone marrow cells compared with that for the other enzymes ( Figure 9 ). Large, round multinucleated cells free from the bone surface, which seemed to be resting osteoclasts, were often found within the cluster of bone marrow cells. By immunohistochemistry, they showed weak, faint, or no immunoreactivity for all antibodies applied (Figure 9 ). These cells sometimes showed weak but distinct immunoreactivity for cathepsin D (Figure 9b ).
Control cryosections incubated with the adsorbed antibodies or with the non-immune rabbit or goat serum as the primary antibody showed no specific reaction deposits in the cells of the bone tissue. Moreover, the control cryosections incubated directly with the biotinylated second antibody also exhibited no specific reaction product in the cells.
Discussion
The present immunocytochemical study demonstrated the clearcut localization of various lysosomal cysteine proteinases, cathepsin D, acid phosphatase, and cystatin$ in the rat tibial bone. By immunoblotting, the antibody raised against rat liver lysosomal cathepsin D recognized proteins appearing at molecular weights of 43 KD and 31 KD in liver extracts. According to Ericson et al. (1981) . these protein bands correspond with single and heavy chain forms of cathepsin D, indicating that anti-cathepsin D recognizes liver cathepsin D.
The subosteoclastic extracellular resorption zone formed between the osteoclast ruffled border and the bone matrix constitutes a microenvironment. This zone has been shown to be acidified to dissolve the mineral constituents as well as to provide an optimal pH for acid hydrolase activity (Vaananen et al., 1990; Blair et al., 1789; Baron et al., 1985) . It is generally accepted that organic constituents of the bone, particularly its major constituent, collagen, are degraded by lysosomal enzymes secreted by osteoclasts (Blair et al., 1989; Baron et al., 1988) . DelaissE et al. (1784) have shown that E-64, a specific inhibitor of cysteine proteinases, inhibits resorption of the cultured embryonic mouse calvaria without affecting the parathyroid hormone-induced secretion of lysosomal hydrolases, suggesting that cysteine proteinases, possibly lysosomal cathepsins. are necessary for bone resorption. As collagenolytic cysteine pro- teinases, cathepsins B and Land a cathepsin Llike 70 KD proteinase have been characterized and separated from a homogenate of the mouse calvaria (DelaissE et al., 1991) . To our knowledge, however, no study has been reported to show the localization of cysteine proteinases in bone tissue, except for cathepsin C, which has been shown in osteoclasts of the femur and tibia of 5-day-old rats (Baron et al., 1988) . The present immunohistochemical study found that the cysteine and aspartic proteinases including cathepsins B, C, D, H, and L are intensely localized in both osteoclasts and chondroclasts.
As for the collagenolytic activity of lysosomal proteinases, cathepsin L has been shown to degrade insoluble collagen at pH 3.5, and its specific activity at this low pH is five-to tenfold higher than that of cathepsin B (Kirschke et al., 1982) . As stated above, the immunoreactivity for cathepsins B and L was intensely demonstrated in both osteoclasts and chondroclasts. Different from the action of cathepsins B and L, cathepsins C and H are an aminopeptidase and a dipeptidyl aminopeptidase, respectively, and have no collagenolytic activity (Ishido et al., 1991; Katunuma and Kominami, 1983; Kirschke et al., 1982) . Moreover, Goto et al. (1992) have demonstrated that cathepsin D, an aspartic proteinase, is localized in osteoclasts of the femur obtained from 5-to 8-day-old rats; however, its collagenolytic activity is limited to a small region of the carboxyl non-helical peptide of collagen (Burleigh, 1977) . From these findings, it seems likely that cathepsins B and L, and particularly cathepsin L, play an important role in the degradation of collagen of the bone matrix facing the osteoclastic ruffled border.
As to the collagenolytic activity in bone tissue, neutral collagenase has also been implicated, but this enzyme has not been found in osteoclasts or in the subosteoclastic resorption zone (Sakamoto and Sakamoto, 1984) . It has been suggested that the unmineralized collagen or osteoid shielding of the mineralized bone surfaces is directly accessible to collagenase digestion and that its removal under the action of osteoblast collagenase may well condition the activation of osteoclasts and their action on mineralized bone matrix .
In addition to the localization of cathepsins B, C, H, L, and cathepsin D in osteoclasts and chondroclasts, immunoreactivity for these cysteine and aspartic proteinases was detected in other cell types of bone tissue. The immunoreactivity for these enzymes was not evenly distributed in various cells of the bone tissue but differed according to location. Granular immunodeposits for cathepsins B, C, D, and H were often localized in osteoblasts lining the bone surface and osteocytes of the bone matrix, whereas those for cathepsin L were weak or faint in them. Moreover, the immunoreactivity for cathepsins B and D was distinctly demonstrated in chondrocytes of the proximal growth plate, whereas weak, faint, or no immunoreactivity for other enzymes was detected in them. The heterogeneous localization of the lysosomal cathepsins has been shown in our previous study (Watanabe et al., 1988) ; cathepsin B is localized in crinophagic bodies of both pancreatic islet B-and A-cells, whereas cathepsin H is localized in those of A-cells only. Moreover, no immunoreactivity for cathepsin L has been detected in the pancreatic islet tissue (Watanabe et al., 1988) . This heterogeneous localization oflysosomal cathepsins may reflect the difference in substrates degraded in each cell. Even though the heterogeneous localization of lysosomal cathepsins was detected in the bone tissue, it is interesting that the immunoreactivity for lysosomal cys-teine and aspartic proteinases was intense in osteoclasts. This indicates that various proteinases may be necessary to degrade organic constituents of the bone matrix, including collagen.
The present immunohistochemical study demonstrated that the immunoreactivity for acid phosphatase is localized in osteoclasts, osteoblasts, osteocytes, chondroclasts, chondrocytes, and various bone marrow cells. It has been shown that acid phosphatase activity in osteoclasts is mostly resistant to tartrate (Hayman et al., 1989; Hammarmom et al., 1971) . Therefore, this tartrate-resistant acid phosphatase has been used as a marker enzyme of osteoclasts (Van de Wijngaert and Burger, 1986 ). By precise histochemical analysis, however, Webber et al. (1989) have demonstrated that acid phosphatase in rat calvarial osteoclasts is 50% sensitive to sodium tartrate and that in this respect these cells do not differ significantly from other bone cells. It has been shown that acid phosphatase activity involves several distinct enzymes (Ega and van Enen, 1982) . By immunohistochemistry with anti-rat liver lysosomal acid phosphatase, the immunoreactivity for the enzyme was strongly localized in osteoclasts. However, we could not distinguish osteoclasts from other cells in the bone tissue, since the immunoreactivity for the enzyme was intense in every cell type of the tissue. These findings suggest that acid phosphatase recognized by the antibody used in the present study is consistent with tartrate-sensitive acid phosphatase, which is localized in various cells of the bone tissue.
Differing from the immunoreactivity for acid phosphatase in bone tissue, immunoreactivity for cystatimp was exclusively localized in osteoclasts and chondroclasts but not in other cell types of the bone tissue. Cystatins are the endogenous inhibitors of cysteine proteinases, and cystatin-p belongs to a family4 cystatin, an intracellular cystatin (Sato et al., 1990 (Sato et al., ,1992 . From the cDNA clone of rat cystatimp, it is considered as a cytosolic protein, but cystatinp-like immunoreactivity has been demonstrated in secretory granules of rat pancreatic B-cells (Watanabe et al., 1988) . In the present study, the immunoreactivity for cystatin-fl was diffuse in the cytoplasm of osteoclasts and chondroclasts, indicating that it is a cytosolic protein. These results suggest that cystatin-p is an excellent marker protein for multinucleated osteoclasts and chondroclasts.
The present study clearly demonstrated the presence of large, round multinucleated cells free from the bone surface within the cluster of bone marrow cells. These cells seemed to be resting osteoclasts (Vaes, 1987) . By immunohistochemistry, we examined the immunoreactivity for cysteine and aspartic proteinases, acid phosphatase, and cystatin-P in resting osteoclasts. However, the resting osteoclasts exhibited weak, faint, or no immunoreactivity for these enzymes and cystatin-P, indicating that the expression of these proteins is low in the cells. Probably, morphological changes in the resting osteoclasts occur concomitantly with increases in the intracellular levels of lysosomal enzymes and cystatin-p, when they are activated as osteoclasts adherent to the bone surface.
In the present study we demonstrated the presence of lysosomal cysteine proteinases, cathepsins B, C, H, and L, in osteoclasts of the bone surface, which have been suggested to participate in the degradation of organic constituents of the bone matrix. In contrast, these enzymes were not clearly detected in large, round multinucleated cells free from the bone surface. Moreover, cystatid, an endogenous inhibitor of cysteine proteinases, can serve as an excellent marker protein of osteoclasts attached to the bone surface.
